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Abstract
The structure and the molecular composition of the microtubule-organizing centers in acentriolar higher plant cells remain
unknown. We developed an in vitro complementation assay where tobacco BY-2 extracts can restore the microtubule-
nucleating activity of urea-inactivated mammalian centrosomes. Our results provide first evidence that soluble microtubule-
nucleating factors are present in the plant cytosolic fraction. The implication for microtubule nucleation in higher plants is
discussed. ß 1999 Elsevier Science B.V. All rights reserved.
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In eukaryotes, the assembly and the distribution of
microtubules mainly result from the activity of mi-
crotubule-organizing centers (MTOCs). In many cells
MTOCs appear as discrete organelles from which
microtubules radiate, such as centrosomes in mam-
malian cells. Higher plant cells do not possess struc-
turally de¢ned MTOCs [1]. In these cells di¡erent
microtubule populations are organized in speci¢c
patterns throughout the cell cycle; speci¢cally, nu-
clear-associated microtubules, cortical microtubules,
preprophase band microtubules, spindle microtu-
bules and the phragmoplast microtubules [2]. In all
higher plant cells examined so far, none of the micro-
tubule arrays emanate from a centriolar-like struc-
ture. Indeed neither the location nor the mechanisms
of plant microtubule nucleation are known. The fact
that isolated plant nuclei can promote microtubule
assembly [3] strongly suggests that the nuclear sur-
face possesses microtubule nucleation sites in higher
plant cells. So far the nuclear surface is the only
plant MTOC that has been functionally character-
ized. The presence of Q-tubulin, a universal MTOC
marker, on the plant nuclear surface reinforces this
hypothesis. However, the striking association of Q-
tubulin with all microtubule arrays remains unex-
plained [4,5]. This may suggest the presence of dis-
persed microtubule nucleation sites in the plant cy-
toplasm, besides an aggregated form at speci¢c
MTOC-like domains such as the nuclear surface.
Such a situation is unique to plant cells and raises
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the question of what is the nature of the MTOC in
acentriolar higher plant cells.
It has been proposed that part of the mechanisms
for microtubule nucleation are common to plant and
animal cells. To investigate this issue we took ad-
vantage of the centrosome complementation assay
previously designed [6] in which the nucleating activ-
ity of urea-inactivated centrosomes can be restored
by the recruitment of soluble components present in
Xenopus extracts. We used this assay to ask the ques-
tion whether higher plant cells also contain factors
that are able to reconstitute the microtubule nucleat-
ing ability of mammalian inactivated centrosomes.
The procedure we used is summarized in Fig. 1. Cen-
trosomes (108/ml) were puri¢ed from human KE37
lymphoid cells. Centrosomes were diluted in BRB80
(80 mM Pipes (pH 6.8), 1 mM MgCl2, 1 mM EGTA)
containing 2 M urea and incubated for 1 h at 4‡C.
Urea-treated centrosomes were dialyzed against
BRB80 for 1 h at 4‡C, resuspended in BRB80 con-
taining 40% (v/w) sucrose and stored as aliquots (ap-
proximately 107/ml) at 380‡C. It has been previously
reported that such urea-treated centrosomes, also
called inactivated centrosomes, are no more able to
nucleate microtubules [6,7]. To test the e⁄ciency of
the urea treatment on the centrosomes, urea-treated
centrosomes (1 Wl) were mixed with puri¢ed neuro-
tubulin (20 WM) diluted in cold BRB80 [8] containing
1 mM GTP and 1036 M oryzalin. The ¢nal volume
was adjusted to 50 Wl with BRB80. The mixture was
incubated for 15 min at 37‡C. Reactions were
stopped by dilution in 1 ml of prewarmed (30‡C)
0.25% (v/v) glutaraldehyde, 1 mM GTP in BRB80,
and processed for immunocytochemistry [8]. As
shown in Fig. 2A, native centrosomes nucleated nu-
merous microtubules in the experimental conditions
we used. In contrast, urea-treated centrosomes lost
their capacity to nucleate microtubule when assayed
in the same conditions (Fig. 2B). In very few cases
(0,04%), 2^5 microtubules emanated from these cen-
trosomes. No free autoassembled microtubules were
detected. These inactivated centrosomes were used in
complementation assays with tobacco extracts.
Plant extracts were prepared from miniprotoplasts
of synchronizable tobacco BY-2 cells (Nicotiana ta-
bacum cv Bright Yellow-2). Tobacco BY-2 cells were
cultured in suspension and synchronized as described
[9]. Seven-day-old cells were used as a source of cells
in G1 phase. At this time cell suspension was in a
stationary growth phase and the mitotic index was
close to 0%. Cells in G2 were obtained after synchro-
nization with aphidicolin, a inhibitor of DNA poly-
merase K. Cells were collected 2 h after drug remov-
al, when 90^92% of the cells were in G2. Progression
of cells through the cell cycle was followed by DNA
staining with Hoechst dye 33258 (0.1 Wg/ml in 0.2%
Fig. 1. Procedure of the complementation assay. During the complementation assay, urea-inactivated centrosomes are incubated with
G1 or G2 tobacco BY-2 extracts. Soluble factors present in these extracts are recruited by the centrosomes, which are then called com-
plemented centrosomes. The ability of both complemented centrosomes and urea-inactivated centrosomes to nucleate microtubules is
tested in the presence of puri¢ed neurotubulin, and compared with the microtubule nucleation capacity of native centrosomes.
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(v/v) Triton X-100). Interphase extracts were pre-
pared from tobacco cells both in G1 and in G2. Cells
were collected by centrifugation (100Ug, 5 min) and
incubated for 5 h at 30‡C in the dark under agitation
(130 rpm) in bu¡er A (25 mM Mes (pH 5.5), 0.45 M
mannitol, 8 mM CaCl2, 0.15% (w/v) pectolyase Y-23,
0.2% (w/v) macerozyme R-10, 3% (w/v) cellulase
Onozuka RS). Protoplasts were centrifuged
(100Ug, 5 min) and washed three times at 10‡C in
bu¡er B (25 mM Mes (pH 5.5), 17% (w/v) sucrose,
1 mM MgCl2, 1 mM EGTA, 1 mM EDTA). Mini-
protoplasts were prepared according to Sonobe [10].
Protoplasts were evacuolated by centrifugation
(11 000Ug, 90 min, 10‡C) in bu¡er C (25 mM Pipes
(pH 5.8), 10 mM MgCl2, 0.6 M mannitol, 30% (v/v)
Percoll). All further steps were performed at 4‡C.
The supernatant was removed and the pellet of mini-
protoplasts was washed twice in bu¡er D (25 mM
Pipes (pH 5.8), 0.6 M mannitol) and once in
BRB80Ac (80 mM Pipes (pH 6.94), 33 mM K-ace-
tate, 5 mM MgCl2, 10 mM EGTA, 0.5 mM EDTA).
The cell cycle stage of miniprotoplasts was deter-
mined by DNA staining. Miniprotoplasts were sus-
pended in a minimal volume of BRB80Ac containing
0.5 mM GTP and protease inhibitors (10 WM leupep-
tin, 10 WM pepstatin, 1 mM DTT, 1 mM PMSF,
1 mM aprotinin). They were lysed by forcing
through 22-gauge and 26-gauge needles several times.
The lysate was clari¢ed by centrifugation
(100 000Ug, 60 min, 4‡C). An ATP-regenerating sys-
tem (10 mM creatine phosphate, 80/Wg.m creatine
phosphokinase, 1 mM ATP) [11] was added to the
supernatant. Samples were stored as aliquots in
liquid nitrogen. Protein extracts from miniproto-
plasts in G1 stage (G1 extracts) and in G2 stage
(G2 extracts) had a concentration of 30^35 mg/ml
and 40^45 mg/ml, respectively. Urea-treated centro-
somes (1 Wl) were incubated at 30‡C for 60 min in
either G1 or G2 extracts (600 Wg) containing 1 mM
ATP. One-Wl aliquots of the samples were used for
microtubule nucleation assays in the same conditions
as described above.
Fig. 2. Microtubule nucleating activity of native and inactivated centrosomes and centrosomes complemented in tobacco BY-2 ex-
tracts, analyzed by immuno£uorescence using tubulin antibodies. Native centrosomes nucleate microtubules (A), whereas urea-inacti-
vated centrosomes are no more able to nucleate microtubules (B). Inactivated centrosomes complemented in G1 (C) or G2 (D) tobac-
co BY-2 extracts recovered their ability to promote microtubule assembly in pure tubulin solution (20 WM). Bar = 10 Wm.
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As shown in Fig. 2C,D, urea-inactivated centro-
somes recovered their ability to nucleate microtu-
bules following preincubation in interphase tobacco
BY-2 extracts. We called these centrosomes comple-
mented centrosomes. Preincubation of inactivated
centrosomes in tobacco extract was made in the pres-
ence of 1036 M oryzalin. At this concentration ory-
zalin speci¢cally depolymerizes plant microtubules
and inhibits plant tubulin assembly, but it has no
e¡ect on brain microtubule assembly [12]. These re-
sults demonstrate that the complementation of the
inactivated centrosomes strictly depended on the
presence of soluble plant factors, and did not require
the presence of endogenous plant microtubules. We
estimated that 13.75% and 15.48% of urea-inacti-
vated centrosomes recovered their capacity to nucle-
ate microtubules after incubation with G1 and G2
tobacco BY-2 extracts, respectively. Microtubules
nucleated by G1 and G2 extracts had a mean length
of 16.1 Wm and 19.6 Wm, respectively. Although our
experimental conditions did not allow the precise
quanti¢cation of microtubules nucleated by the com-
plemented centrosomes, we noticed that G2-comple-
ment centrosomes usually had a higher density of
nucleated microtubules compared with G1-comple-
mented centrosomes. Recovery of the microtubule
nucleating capacity of centrosomes was dependent
on the amount of tobacco BY-2 extract added to
the inactivated centrosomes. We found that a mini-
mum of 600 Wg of tobacco BY-2 extract protein was
required to restore the microtubule nucleating ca-
pacity of 105 inactivated centrosomes. In all of the
experiments we performed, the nucleating activity of
complemented centrosomes appeared to be lower
than that of native centrosomes (compare Fig.
2A,D).
Herein we demonstrated that tobacco BY-2 ex-
tracts were able to restore the microtubule nucleating
capacity of urea-treated centrosomes. These results
suggest that soluble factors present in tobacco
BY-2 extracts are involved in microtubule nuclea-
tion. The mechanism by which these soluble micro-
tubule nucleating factors are able to complement
mammalian centrosomes is not known. Interestingly,
the complementation of inactivated centrosomes by
either tobacco BY-2 extracts or by Xenopus egg ex-
tracts [6] shares two common features. In both ex-
periments, (i) the recruitment of microtubule nucleat-
ing factors by inactivated centrosomes occurred in
the absence of microtubules and (ii) a minimal
amount of protein extract was required for the re-
covery of microtubule nucleation by centrosomes.
Whether these factors simply bind to centrosomes
or whether they are speci¢cally recruited by centro-
somes remains to be determined. It is noteworthy
that in our study higher plant proteins were able to
restore the microtubule nucleation function of mam-
malian centrosomes. Given that several antibodies
raised against mammalian centrosomes cross-react
with plant polypeptides [3,4,13], it has been suggested
that some of the proteins involved in microtubule
nucleation may be conserved between animal and
plant kingdoms in spite of major di¡erences in the
structure of the MTOCs. Our data provide function-
al evidence that reinforce this hypothesis.
The identi¢cation of the tobacco BY-2 proteins
that bind to the centrosomes is of crucial importance
for our understanding of microtubule nucleation in
higher plant cells. Unfortunately, the small amount
of tobacco BY-2 proteins recruited by inactivated
centrosomes from the extracts has made biochemical
analysis di⁄cult. Tobacco BY-2 extracts used in
complementation assays probably contain MAPs.
We previously demonstrated that tobacco BY-2 pro-
tein fractions enriched in putative MAPs a¡ect the
microtubule nucleation from mammalian centro-
somes at MAP-fraction/tubulin ratios (w/w) of 1:10
to 1:3 [8]. Given the fact that MAPs represent 0.4%
of plant soluble proteins [14], it seems unlikely that
MAPs are responsible for the microtubule nucleation
of complemented centrosomes. Indeed it has been
shown that puri¢ed neural MAPs can not comple-
ment urea-inactivated centrosomes [6]. Although we
cannot exclude the possibility that MAPs participate
in the complementation process, we believe that oth-
er uncharacterized tobacco BY-2 proteins are neces-
sary to restore the microtubule nucleating ability of
inactivated centrosomes in complementation assays.
It would be of interest to determine whether Q-tubu-
lin is recruited by inactivated centrosomes. Q-Tubulin
is a unique tubulin family that does not assemble
into microtubules [15]. Several lines of evidence
strongly suggest that Q-tubulin is a universal compo-
nent of the MTOC and that it is essential for micro-
tubule nucleation [16^19]. Q-Tubulin is found in the
cytoplasm of both Xenopus eggs and somatic mam-
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malian cells as part of large soluble multiprotein
complexes called Q-somes [20^22]. Very recently it
has been shown that in vitro the recruitment of
both Q-tubulin complex and as yet unidenti¢ed fac-
tors is su⁄cient to restore the microtubule nucleating
activity of inactivated centrosomes [23]. In higher
plants the function of Q-tubulin in microtubule nucle-
ation is still unclear. We know from immunoblot
analysis that Q-tubulin is present in the tobacco
BY-2 extracts we used in our assays (data not
shown). However, we could not clearly demonstrate
whether Q-tubulin is recruited by the urea-inactivated
centrosomes. More experiments using puri¢ed
Q-tubulin or puri¢ed Q-tubulin complexes are required
to answer this question. In this context, the use of
the complementation assay should provide insights
into the functions of Q-tubulin and as yet unidenti¢ed
factors in plant microtubule nucleation.
An important question that remains to be an-
swered is whether the plant microtubule nucleating
material is competent for microtubule assembly in its
soluble form in vivo. Considering the complex organ-
ization of microtubule arrays in higher plant cells, we
imagine that the soluble microtubule nucleating fac-
tors may have two distinct and not exclusive func-
tions in vivo. First they could be recruited by a pre-
existing MTOC, and consequently increase its
microtubule nucleation capacity. For example, this
process could participate in the increase microtubule
nucleation capacity of the plant nuclear surface in
G2. Second, they could be redistributed in speci¢c
compartments within the cell and thus generate
new microtubule nucleation sites, such as the spindle
poles in mitosis. In this context it is possible that the
soluble pool of microtubule nucleating material, by
alternating between an aggregated form associated
with the nuclear envelope and the plasma membrane,
and a dispersed form in the cytosol, is important for
the regulation of microtubule nucleation in higher
plant cells. It has been suggested that the recruitment
of microtubule nucleating components is one of the
pathways by which the nucleating activity of centro-
somes is regulated in mammalian cells [20,21,24,25].
The functions of the soluble form of the plant micro-
tubule nucleation material in vivo and whether its
redistribution is involved in the regulation of micro-
tubule nucleation in higher plant cells are important
issues that have to be examined more carefully in
future work.
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